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DEGENERATE BIRDCAGE 
RESONATOR FOR MAGNETIC 
RESONANCE IMAGING 

h Background of Invention 

Q 

CP [0001] The present disclosure relates generally to magnetic resonance imaging (MRI) and, 

W 



more particularly, to a degenerate birdcage resonator for MRI. 



Ul [0002] A conventional MRI device establishes a homogenous magnetic field, for example, 
g»j along an axis of a person's body that is to undergo MRI. This homogeneous magnetic 

4* field conditions the interior of the person's body for imaging by aligning the nuclear 

ry 

fj\ spins of nuclei (in atoms and molecules forming the body tissue) along the axis of the 

y magnetic field. If the orientation of the nuclear spin is perturbed out of alignment with 

the magnetic field, the nuclei attempt to realign their nuclear spins with an axis of the 
magnetic field. Perturbation of the orientation of nuclear spins may be caused by 
application of radio frequency (RF) pulses. During the realignment process, the nuclei 
precess about the axis of the magnetic field and emit electromagnetic signals that 
may be detected by one or more coils placed on or about the person. 

[0003] The frequency of the nuclear magnetic radiation (NMR) signal emitted by a given 
precessing nucleus depends on the strength of the magnetic field at the nucleus 1 
location. As is well known in the art, it is possible to distinguish radiation originating 
from different locations within the person's body simply by applying a field gradient 
to the magnetic field across the person's body. For the sake of convenience, direction 
of this field gradient may be referred to as the left-to-right direction. Radiation of a 
particular frequency may be assumed to originate at a given position within the field 
gradient, and hence at a given left-to-right position within the person's body. The 
application of such a field gradient is also referred to as frequency encoding. 



APP_ID=1 0063473 



Page 1 of 32 



[0004] However, the simple application of a field gradient does not allow for two- 
dimensional resolution, since all nuclei at a given left-to-right position experience the 
same field strength, and hence emit radiation of the same frequency. Accordingly, the 
application of a frequency-encoding gradient, by itself, does not make it possible to 
discern radiation originating from the top versus radiation originating from the 
bottom of the person at a given left-to-right position. Resolution has been found to 
be possible in this second direction by application of gradients of varied strength in a 
perpendicular direction to thereby perturb the nuclei in varied amounts. The 
application of such additional gradients is also referred to as phase encoding. 

[0005] Frequency-encoded data sensed by the coils during a phase encoding step is 

stored as a line of data in a data matrix known as the k-space matrix. Multiple phase 
encoding steps are performed in order to fill the multiple lines of the k-space matrix. 
An image may be generated from this matrix by performing a Fourier transformation 
of the matrix to convert this frequency information to spatial information representing 
the distribution of nuclear spins or density of nuclei of the image material. 

[0006] MRI has proven to be a valuable clinical diagnostic tool for a wide range of organ 
systems and pathophysiologic processes. Both anatomic and functional information 
can be gleaned from the data, and new applications continue to develop as the 
technology and techniques for filling the k-space matrix improve. As technological 
advances have improved achievable spatial resolution, for example, increasingly finer 
anatomic details have been able to be imaged and evaluated using MRI. Often, 
however, there is a tradeoff between spatial resolution and imaging time, since higher 
resolution images require a longer acquisition time. This balance between spatial and 
temporal resolution is particularly important in cardiac MRI, for example, where fine 
details of coronary artery anatomy must be discerned on the surface of a rapidly 
beating heart. 

[0007] Imaging time is largely a factor of the speed with which the MRI device can fill the 
k-space matrix. In conventional MRI, the k-space matrix is filled one line at a time. 
Although many improvements have been made in this general area, the speed with 
which the k-space matrix may be filled is limited. 

[0008] To overcome these inherent limits, several techniques have been developed to 
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simultaneously acquire multiple lines of data for each application of a magnetic field 
gradient. These techniques, which may collectively be characterized as "parallel 
imaging techniques", use spatial information from arrays of RF detector coils to 
substitute for the encoding which would otherwise have to be obtained in a sequential 
fashion using field gradients and RF pulses. The use of multiple effective detectors 
has been shown to multiply imaging speed, without increasing gradient switching 
rates or RF power deposition. 

[0009] One such parallel imaging technique that has recently been developed and applied 
to in vivo imaging is referred to as SENSE (SENSitivity Encoding). The SENSE technique 
is based on the recognition of the fact that the spatial sensitivity profile of the 
receiving elements (e.g., resonators, coils, antennae) impresses on the spin resonance 
signal position information that can be used for the image reconstruction. The parallel 
use of a plurality of separate receiving elements, with each element having a different 
respective sensitivity profile, and combination of the respective spin resonance signals 
detected enables a reduction of the acquisition time required for an image (in 
comparison with conventional Fourier image reconstruction) by a factor which in the 
most favorable case equals the number of the receiving members used (see 
Pruessmann et al., Magnetic Resonance in Medicine Vol. 42, p.952-962, 1 999). 

[001 0] A drawback of the SENSE technique, however, results when the component coil 
sensitivities are either insufficiently well characterized or insufficiently distinct from 
one another. These instabilities may manifest as localized artifacts in the 
reconstructed image, or may result in degraded signal-to-noise ratio (SNR). 
Accordingly, it is desirable to implement RF coil arrays and/or volume coils in MR! 
systems that (among other aspects) provide increased SNR with or without the use of 
parallel imaging techniques such as SENSE. 

Summary of Invention 

[00 1 1 ] above discussed and other drawbacks and deficiencies of the prior art are 

overcome or alleviated by an apparatus for magnetic resonance imaging. In an 
exemplary embodiment, the apparatus includes a degenerate birdcage coil having a 
pair of opposing rings and a plurality of rungs positioned circumferentially around the 
pair of rings. Input excitation circuitry is used for applying excitation radio frequency 
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(RF) energy to the degenerate birdcage coil at a first resonance mode of the coil. In 
addition, output receiving circuitry is used for receiving RF energy emitted by an 
object positioned within the degenerate birdcage coil. The output receiving circuitry 
receives the emitted RF energy at a plurality of resonance modes of the degenerate 
birdcage coil, including said first resonance mode. Thereby, the degenerate birdcage 
coil may be used as a phased array or for sensitivity encoding. 

[001 2] In another aspect, a degenerate birdcage resonator for magnetic resonance 
imaging includes a pair of opposing rings and a plurality of rungs positioned 
circumferentially around the pair of rings. A means for applying excitation radio 
frequency (RF) energy to the degenerate birdcage resonator is included such that a 
. homogeneous RF field is established within the degenerate birdcage resonator. 
Furthermore, a means for independently reading each of a plurality of resonance 
modes of RF energy received by the degenerate birdcage resonator from an object 
placed therewithin is also included. 

[001 3] In still another aspect, a magnetic resonance imaging (MRI) system includes a 

computer, a magnet assembly for generating a polarizing magnetic field, a gradient 
coil assembly for applying gradient waveforms to the polarizing magnetic field along 
selected gradient axes, and a radio frequency (RF) transceiver system for applying RF 
energy to excite nuclear spins of an object to be imaged, and for thereafter detecting 
signals generated by excited nuclei of said object to be imaged. The RF transceiver 
system further includes a degenerate birdcage coil having a pair of opposing rings 
and a plurality of rungs positioned circumferentially around the pair of rings. Input 
excitation circuitry is used to apply excitation radio frequency (RF) energy to the 
degenerate birdcage coil at a first resonance mode thereof, while output receiving 
circuitry is used for receiving RF energy emitted by an object positioned within the 
degenerate birdcage coil. The output receiving circuitry receives the emitted RF energy 
at a plurality of resonance modes of the degenerate birdcage coil, including the first 
resonance mode. The RF energy received by the output receiving circuitry is then 
processed by the computer to produce MR images of the object to be imaged. 

[0014] 

In still another aspect, method for implementing a degenerate birdcage resonator 
within a magnetic resonance imaging system includes applying excitation radio 
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frequency (RF) energy to the degenerate birdcage resonator such that a homogeneous 
RF field is established within the degenerate birdcage resonator, and independently 
reading each of a plurality of resonance modes of RF energy received by the 
degenerate birdcage resonator from an object placed therewithin. 

Brief Description of Drawings 

[001 5] Referring to the exemplary drawings wherein like elements are numbered alike in 
the several Figures: 

[001 6] Figure 1 is a schematic block diagram of an exemplary MR imaging system 
suitable for use with the present invention embodiments; 

[001 7] Figure 2 is a perspective view of a degenerate birdcage resonator that is 

configured as a phased array or as a SENSE array, in accordance with an embodiment 
of the invention; 

[001 8] Figure 3 is a schematic diagram of the excitation and readout circuitry used for 
the degenerate birdcage resonator of Figure 2, in the first resonance mode; 

[001 9] Figure 4 is a schematic diagram of the excitation and readout circuitry used for 
the degenerate birdcage resonator of Figure 2, in the second resonance mode; 

[0020] Figure 5 is a schematic diagram of the excitation and readout circuitry used for 
the degenerate birdcage resonator of Figure 2, in the third resonance mode; 

[0021] Figure 6 is a schematic diagram of the excitation and readout circuitry used for 
the degenerate birdcage resonator of Figure 2, in the fourth resonance mode; and 

[0022] Figures 7(a) & (b) through Figures 1 0(a) & (b) illustrate exemplary amplitude and 
phase isocontour plots for the four resonance modes. 

Detailed Description 

[0023] 

Referring initially to Figure 1, an exemplary magnetic resonance (MR) imaging 
system 8 includes a computer 1 0, which controls gradient coil power amplifiers 1 4 
through a pulse control module 1 2. The pulse control module 1 2 and the gradient 
amplifiers 14 together produce the proper gradient waveforms Gx, Gy, and Gz, for 



APP_ID=1 0063473 



either a spin echo, a gradient recalled echo pulse sequence, a fast spin echo, or other 
type of pulse sequences. The gradient waveforms are connected to gradient coils 1 6, 
which are positioned around the bore of an MR magnet assembly 34 so that gradients 
Cx, Cy, and Gz are impressed along their respective axes on the polarizing magnetic 
field BO from magnet assembly 34. 

[0024] The pulse control module 1 2 also controls a radio frequency synthesizer 1 8 that is 
part of an RF transceiver system, portions of which are enclosed by dashed line block 
36. The pulse control module 1 2 also controls an RF modulator 20, which modulates 
the output of the radio frequency synthesizer 18. The resultant RF signals, amplified 
by power amplifier 22 and applied to RF coil 26 through transmit/receive switch 24, 
ill are usec * t0 excite the nuclear spins of the imaged object (not shown). 

in 

l|J [0025] The MR signals from the excited nuclei of the imaged object are picked up by the 

\\ RF coil 26 and presented to preamplifier 28 through transmit/receive switch 24, to be 

a * amplified and then processed by a quadrature phase detector 30. The detected signals 

O are digitized by a high speed A/D converter 32 and applied to computer 10 for 

J processing to produce MR images of the object. Computer 10 also controls shimming 
coil power supplies 38 to power shimming coil assembly 40. 



111] 



[0026] One specific type of RF coil 26 that is employed in MRI is what is known as a 

birdcage coil, an example of which is shown in Figure 2. The birdcage coil 100 has a 
pair of circular end rings 1 02, 1 04, which are bridged by a plurality of equally spaced 
straight segments or rungs 106. In a first or primary mode, currents in the rings 102, 
1 04 and rungs 1 06 are sinusoidally distributed; that is, the current density 
distribution therein varies as the cosine of the azimuthal angle. Going around the 
circumference of the birdcage, the current phase changes by a full 360 degrees. In the 
example shown, the birdcage coil includes 8 rungs. Thus, the current in one rung is 
shifted from the current in an adjacent rung by 45 ° or tt /4. 

[0027] |n trac j jtiona | MR j m aging, the mode of interest has been the mode that provides 
RF field homogeneity throughout the volume of the coil. This homogeneous mode is 
characterized by a current distribution in the rungs in accordance with the equation: 

Jn = Jo cos(cot + N-A(p) 

th 

where J is the current amplitude of the N rung, J is the maximum rung current 
N 0 
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in the coil at the homogeneous mode, oo is the resonance frequency of the coil at the 

homogeneous mode, N is the rung number and A <J> is the azimuthal angle difference 

between two adjacent rungs (45 ° in a 8-rung birdcage). This homogeneous mode will 

also be referred to as the "first" mode of the coil. In addition, higher modes also exist 

that are inhomogeneous. More specifically, there are a total of N/2 modes. The rung 

current distribution in these higher modes is characterized by a faster phase rotation 

around the coil. For example, the second mode is characterized by a current 

distribution of J = I cos( u> t + 2N • A <J> ). If the birdcage is "degenerate", the 
N 0 

resonant frequency, u> , is the same for each mode. Since the higher order modes set 
up inhomogeneous field distributions, they are unsuitable for excitation purposes. On 
the other hand, the higher modes may be used for MR signal detection, since they all 
occur at the same frequency in a degenerate birdcage. 

[0028] Additional details regarding degenerate birdcage resonators are discussed in an 
article by James Tropp, entitled "The Hybrid Bird Cage Resonator", ISMRM Book of 
Abstracts, p.4009 (1992), and also by Christoph Leussler, et al., in an article entitled 
"The Bandpass Birdcage Resonator Modified as a Coil Array for Simultaneous MR 
Acquisition", ISMRM Book of Abstracts, p. 176 (1997), both of which are incorporated 
herein by reference. Assuming that the birdcage coil 100 could be excited with the 
homogenous first mode, while also being able to read out the RF signal independently 
with each mode operating at the same frequency, then the output signals could 
further be combined as in a phased array coil to provide improved SNR in areas away 
from the center of the coil. And, as such, the improved SNR would in turn allow for the 
use of the SENSE imaging technique as described above. However, in order to 
implement the SENSE technique in this manner, the geometry factor of the birdcage 
should be optimized to the extent possible. As will be appreciated, the geometry 
factor plays a significant role in designing SENSE arrays. The geometry factor is a 
mathematical function of the coil sensitivities, noise correlation, and the reduction 
factor R, wherein R denotes the factor by which the number of samples is reduced 
with respect to conventional, full Fourier encoding. In practice, the coil structure 
generally does not permit straightforward analytical coil optimization. Thus, 
simulations have proven to be a valuable tool in seeking optimized coil arrangements 
for sensitivity encoding, involving the determination of geometry maps and base SNR. 
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[0029] Therefore, in accordance with an embodiment of the invention, there is disclosed 
a degenerate birdcage resonator with associated readout circuitry, configured such 
that the birdcage is used as an RF transmit coil in the first homogeneous mode. As a 
receiver, however, the birdcage further uses both the homogeneous and the 
inhomogeneous modes, all of which are detected at the same frequency. Thereby, the 
birdcage coil may be used as a phased array or as a SENSE array. In the exemplary 
embodiments discussed hereinafter, the birdcage resonator 100 is an 8-rung device. 
However, it will be appreciated that the principles of the present invention 
embodiments are also applicable to birdcage resonators having a different number of 

5 b rungs. 

3 

? [0030] Referring now to Figure 3, there is shown a schematic diagram of the 8-rung 

n 

ij birdcage 1 00, along with excitation and receive circuitry used for the homogeneous 

[j first mode. For illustration purposes, the individual rungs of the birdcage 100 are 

M numbered 1 through 8 in the figure, beginning with the rung at the "1 2 o'clock" 

*% position and proceeding clockwise. Because the excitation for the birdcage 100 only 

employs the first homogeneous mode, the same circuitry will also be shown in 
subsequent Figures for the other inhomogeneous modes. However, for simplicity of 

description, the excitation circuitry will only be described in detail once. 

U 

[0031] As shown in Figure 3, a power amplifier 202 amplifies an input excitation signal 
that is selectively coupled by a transmit/receive (TR) switch 204 to a power splitter 
206. The two outputs (206a, 206b) of the power splitter 206 have a 1 80 ° phase 
separation with respect to one another, and thus the symbol " tt " is used within the 
block to indicate that the power splitter 206 is also a 1 80 ° phase shifter. The first 
output 206a of power splitter 206 is coupled to the input of power splitter 208, while 
the second output 206b of power splitter 206 is coupled to the input power splitter 
210. Because splitters 208 and 210 are 90 ° phase shifters, the symbol " tt /2" is used 
to denote those blocks. Accordingly, outputs 208a and 208b from splitter 208 are 
separated 90 ° in phase from one another, as are the outputs 210a and 210b from 
splitter 210. 

[0032] 

By using a 1 80 0 phase shifter in combination with two 90 8 phase shifters, the four 
ports of the 8-rung birdcage 100 may be excited sinusoidally in the homogeneous 
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mode. The resulting four input signals to the birdcage (208a, 208b, 210a, 210b) are 
thus applied to rungs 1,3,5 and 7, respectively. However, it will be understood that 
those RF input signals could alternatively be applied to rungs 2, 4, 6 and 8. Both the 
1 80 0 and the 90 ° degree phase shifters are known to those skilled in the art, and are 
described in more detail in, for example Vizmuller, RF Design Guide, Artech House, 
pp. 1 56-1 58 (1 995), the contents of which are incorporated herein by reference. The 
phase shifting networks may be built as a series of transmission lines or, in a 
preferred embodiment, by their lumped element equivalent. 

[0033] Turning now to the receive circuitry, Figure 3 further illustrates a set of eight TR 

:! : 

f ' a switches 212a-212h, and associated high input impedance amplifiers 214a-214h, 

O 

Q that are respectively coupled to birdcage rungs 1 through 8. The eight TR switches 

01 

jjj 21 2a-21 2h are well known to those skilled in the art, and provide preamp protection 

4- from the RF excitation pulse. The high-impedance preamplifiers 214a-214h on the 

M 

lij rungs provide further isolation between individual elements within the readout 

^. circuitry (and also between the readout circuitry and the birdcage), as well as set the 

J ? l noise figure for the receive chain. Baluns (not shown) are also known to those skilled 



in the art and are preferably used to kill common cable modes that interfere with the 
MR signal. As is the case with the amplifier 202, the TR switch 204 and phase shifting 
power splitters 206, 208 and 21 0 on the transmit side, TR switches 212a-21 2h and 
amplifiers 214a-214h are also shown in subsequent Figures that discuss the 
inhomogeneous modes, but are only described in detail once. 

[0034] Although each of the eight rungs of birdcage 1 00 has output circuitry associated 
therewith, only four are used in the readout of any given mode. Again, Figure 3 
illustrates the both the RF input and output of the homogeneous mode. Therefore, the 
relative phases of the output signals on the rungs 1 through 8 are separated by same 
amount as the physical angle therebetween (i.e., 45 0 or tt /4). For ease of illustration, 
the relative phases of the output signals for each rung are shown in Figure 3, 
beginning with 0 at rung 1 , and proceeding in increments of tt /4 to 7 tt /4 at rung 8. 



[0035] 



In receiving the homogeneous first mode signal, the individual signals from the 
rungs are recombined into a common phase, single output. This is implemented by 
first combining output signals from rungs 1 and 3 with 90 0 combiner 302. As is 
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known in the art, a 90 ° combiner adds two input signals that are initially 90 ° out of 
phase with respect to one another into a single, in phase output. In addition, the 
output signals from 5 and 7 are combined with 90 0 combiner 304. Then, the outputs 
from the 90 ° combiners 302, 304 are then combined by a 1 80 0 combiner 306 to 
result in a single, first mode output signal 308. It will be further noted, that since the 
outputs of rungs 2, 4, 6 and 8 are not used in the readout of the first mode, the 
outputs from amplifiers 214b, 214d, 21 4f and 21 4h are shown as dashed arrows. 

[0036] Referring now to Figure 4, there is shown a similar schematic diagram of the 
birdcage coil input and output circuitry as was shown in Figure 3, only this time 
illustrating the readout of the second resonance mode. Since the second mode signals 
Q are sinusoidally proportional to twice the azimuthal angle, the relative phase 

jUj distribution around the rungs progresses in increments of tt /2, as is shown in Figure 

4. It will be noted in the second mode that rungs 1 and 5 are in phase with one 
h! another, as are rung pairs 2/6, 3/7 and 4/8. Therefore, in reading out the second 

jLj mode, the selected rung signals are recombined into a single phase, as was the case 

=h for the first mode. In this mode, however, the phase combiners will be different than 

jyj the ones used in the first mode. (Also, in this mode, the signals are read from rungs 2, 

™ 4, 6 and 8, while the signals from rungs 1 , 3, 5 and 7 are not used.) Since the signals 



□ 



n 



from rungs 2 and 6 are in phase (at tt /2), they are directly combined by combiner 
402, without any phase shifting. Thus, the legend "0" is used in the block designating 
the combiner 402. Correspondingly, the signals from rungs 4 and 8, being in phase at 
3 tt /2, are directly combined by combiner 404. The outputs from combiners 402 and 
404 are then combined by a 1 80 ° combiner 406 to result in a single, second mode 
output signal 408. 

[0037] j t js reac jj| y apparent that, depending upon the phase relationships of the rung 
output signals for a given mode, an appropriate combination of phase shifting 
combiners (and/or combiners with no phase shifting at all) may be used to produce a 
single, combined output signal for that mode. Continuing on to Figure 5, the signal 
readout for the third resonance mode is illustrated. As is shown, the phase 
relationship for the rung output signals in this mode are sinusoidally proportional to 
three times the azimuthal angle. Thus, the phase shift between adjacent rungs 
progresses in increments of 3 tt /4. As was the case with the first mode, rungs 1,3,5 
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and 7 are used for the signal readout. Since there is a phase difference of 3 tt /2 
between the signals on rungs 1 and 3, the output signals therefrom are combined by 
a 270 0 combiner 502 (denoted by the legend - tt /2). There is also a phase difference 
of 3 tt 12 between the signals on rungs 5 and 7, and the output signals therefrom are 
combined by 270 ° combiner 504. The outputs from combiners 502 and 504 are then 
combined by a 1 80 ° combiner 506 to result in a single, third mode output signal 508. 

[0038] Figure 6 illustrates the readout for the fourth mode. Because the phase 

relationship for the rung output signals in this mode are sinusoidally proportional to 
four times the azimuthal angle, the output signals on each rung are 1 80 ° from an 
adjacent rung. Accordingly, in reading out the signals on rungs 2, 4, 6 and 8, the 
signals may be combined without any phase shifting. As shown in Figure 6, combiner 
602 combines the signal from rungs 2 and 6, while combiner 604 combines the 
signals from rungs 4 and 8. The outputs from combiners 602 and 604 are then 
combined by a 1 80 ? combiner 606 to result in a single, fourth mode output signal 
608. 

[0039] By reading the output signals from each mode in the manner described above, the 
birdcage coil 100 may be used as a phased array with improved SNR by adding the 
output signals (308, 408, 508, 608) from each mode by, for example, the sum of 
squares technique. Alternatively, the four output signals may be used to improve 
imaging speed in the receive mode by the SENSE technique. In either case, the above 
described invention embodiments provide isolation between each of the four modes. 
Again, the first mode, being homogeneous, is used for both excitation and receiving, 
while the inhomogeneous second, third and fourth modes are used for receiving only. 

[0040] 

Finally, Figures 7(a) & (b) through Figures 1 0(a) & (b) illustrate, by way of example, 
isocontour plots (lines of equal amplitude or phase at points within the interior of the 
birdcage coil 100) for the four resonance modes. Of note, Figures 7(a) and (b) 
illustrate the amplitude and phase homogeneity of the first mode in a plane 
perpendicular to the axis of the coil, near the center of the coil. In contrast, the 
inhomogeneity of the second, third and fourth resonance modes are also 
demonstrated in the remaining figures. Figures 8(a) and 8(b) are the amplitude and 
phase isocontour plots, respectively, for the second resonance mode; figures 9(a) and 
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9(b) are the amplitude and phase isocontour plots, respectively, for the third 
resonance mode; and figures 10(a) and 10(b) are the amplitude and phase isocontour 
plots, respectively, for the fourth resonance mode. 

[0041] While the invention has been described with reference to a preferred embodiment, 
it will be understood by those skilled in the art that various changes may be made and 
equivalents may be substituted for elements thereof without departing from the scope 
of the invention. In addition, many modifications may be made to adapt a particular 
situation or material to the teachings of the invention without departing from the 
essential scope thereof. Therefore, it is intended that the invention not be limited to 
the particular embodiment disclosed as the best mode contemplated for carrying out 
this invention, but that the invention will include all embodiments falling within the 
scope of the appended claims. 
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